Abstract-We are using a novel position sensitive avalanche photodiode (PSAPD) for the construction of a high resolution positron emission tomography (PET) camera. Up to now most researchers working with PSAPDs have been using an Anger-like positioning algorithm involving the four corner readout signals of the PSAPD. This algorithm yields a significant non-linear spatial "pin-cushion" distortion in raw crystal positioning histograms. In this paper, we report an improved positioning algorithm, which combines two diagonal corner signals of the PSAPD followed by a 45 rotation to determine the X or Y position of the interaction. We present flood positioning histogram data generated with the old and new positioning algorithms using a 3 4 array of 2 2 3 mm 3 and a 3 8 array of 1 1 3 mm 3 of LSO crystals coupled to 8 8 mm 2 PSAPDs. This new algorithm significantly reduces the pin-cushion distortion in raw flood histogram image.
I. INTRODUCTION

M
EDICAL radionuclide imaging cameras (SPECT or PET) comprise a position sensitive array of scintillation crystals coupled to photodetectors such as photomultiplier tubes (PMTs) or photodiodes. An incoming high energy photon is absorbed in the crystal, which results in a flash of light that is positioned using the distribution of electronic signals produced in the photodetector array. In scintillation detectors that use position sensitive avalanche photodiodes (PSAPDs), an algorithm similar to Anger logic [1] is typically used to position events using the resulting four corner anode signals [2] - [5] . However, because of the positioning non-linearity inherent in a detector comprising a resistive sheet with corner contacts [4] , the flood histogram generated using Anger's positioning algorithm for the PSAPD shows a well-known "pin-cushion" distorted shape [1] - [5] . The standard algorithm can be expressed as: (1) where A, B, C and D are the digitized pulse heights collected from the four corner anodes in the detector and X, Y are the coordinates determined for each annihilation photon interaction. Fig. 1 (a) schematically illustrates a square-shaped PSAPD with four readout corners and X-Y coordinates determined by (1) . The standard PSAPD is packaged on a ceramic substrate [4] . For our particular PET detector design [see Fig. 2(a) ] [2] , [6] novel thin PSAPDs have been developed by Radiation Monitoring Devices, Inc (Watertown, MA). This type of PSAPD uses a 200-m thick silicon chip packaged on a 50-m thick polyimide (Kapton) "flex" circuit [ Fig. 2(a) ]. The proposed detector design uses an "edge-on" orientation, with incoming normal incidence photons entering parallel to the PSAPD chip. This design has mm resolution with directly measured photon interaction depth in cm effective LSO thickness and % scintillation light collection efficiency [2] , [6] [see Fig. 2(b) ]. We have studied performance of both the standard ceramic-mounted PSAPD and thin flex-mounted PSAPD [7] , [8] . In both detectors, the flood histograms generated by the Anger-type positioning algorithm (1) show significant pincushion distortion. This distortion makes it difficult to perform the process of crystal segmentation from the flood histogram that is required to study and calibrate parameters such as crystal location, spatial resolution, energy resolution, and coincidence time resolution for individual crystals. In this paper, we report a new positioning algorithm for PSAPDs which generates images with significantly less "pin-cushion" distortion.
II. MATERIALS AND METHODS
The new algorithm combines only the signals from the diagonal channels to determine an X' and Y' position in a rotated coordinate system within the image plane and then rotates the image by 45 to determine the correct orientation. The new algorithm can be simply expressed as:
where A, B C and D are again the digitized signals from the four channels as shown in Fig. 1(b) .
Experimental data were acquired with both standard and thin PSAPDs with a 10 Ci Na-22 point source flood irradiation. Both a 3 4 array of 2 2 3 mm and 3 8 array of 1 1 3 mm LSO crystals were coupled to the PSAPDs. For the 3 8 array of crystals, to study the effect of crystal surface finish on event positioning, half of the array (12 crystals) had a polished surface treatment while the other half (12 crystals) had ground surfaces. The 3 4 array of 2 2 3 mm LSO crystals had all ground ("as cut") surface finish. The experimental setup is shown in Fig. 2(c) . Signals from the four corner anode contacts of the PSAPD were input into a charge-sensitive pre-amplifier (Cremat 110) and then further amplified by shaping amplifiers (EG&G Ortec 855 Dual Channel Spec Amplifiers) with a 500 ns shaping time. Each of the four output signals was split into two branches, one branch of the output from each channel was summed to generate a digitization trigger signal; the four analog signals in the other branch were digitized by a Labview program controlled four-channel analog-to-digital converter (ADC) (National Instruments). The data were stored in list mode for post-processing. Individual crystal energy spectra, FWHM energy resolution, and photon counts in a FWHM energy window centered at the 511 keV photopeak were extracted by segmentation of the crystals from the flood histogram image.
To understand the difference between the two algorithms in positioning events, the sheet resistance distribution at the surface of the detector was studied with a finite element model (FEM) simulation [9] . As it is complicated to find an analytical solution to the problem of calculating the charge splitting on a square chip, we used a FEM method to simulate a resistive sheet with four read-out conductors at the corners by solving the Laplace's equation for this sheet. The basic idea is, assuming a uniform resistive sheet with four contacts, the amount of charge split to a corner contact is proportional to the reciprocal of the distance between the injection point of charge (where scintillation photons are converted to electrons) and this corner contact (where the electrons are collected) [9] . With a linear center of mass positioning algorithm, the resistive sheet has a non-linear mapping between event location and the detected position. With the assumption that the entire process from 511 keV photon interaction in the scintillator through event positioning may be described as a one-to-one mapping, one can invert the operator that maps the event position to detected position to correct the position non-linearity. This operator, a polynomial function, was derived from the FEM simulation (with a 201 201 mesh grid) by solving the Laplace's equation on a resistive sheet with four corner contacts [9] . The details of this FEM simulation were introduced in [9] and will not be reviewed in this paper. Fig. 3 shows flood histograms generated using both the Anger-type algorithm and our new algorithm for the standard and thin PSAPDs with the 4 3 array of 2 2 3 mm LSO crystals. Fig. 3(a) shows results using the Anger-type positioning algorithm, Fig. 3(b) shows the flood histogram formed with X' and Y' calculated using (2), and Fig. 3(c) is the rotated image with X and Y calculated using (3). We observe that crystal flood images generated by the Anger-like algorithm [ Fig. 3 Fig. 3(d) ] is more distorted than the standard PSAPD image [ Fig. 3(a) ] mainly due to a slightly lower sheet resistance of this device.
III. RESULTS
Flood images acquired with both PSAPD detectors coupled to the 3 8 array of 1 1 3 mm LSO crystals are shown in Fig. 4 . The pin-cushion distortion in both images generated by the Anger-type algorithm is strong [ Fig. 4(a) ], and again worse for the new thin PSAPD [ Fig. 4(d) ]. On the other hand, images generated by the new algorithm are almost free of pin-cushion distortion [ Fig. 4(c) and (f) ] regardless of devices. Recall that the upper 3 4 crystals in the flood images have ground surfaces and the lower 3 4 crystals have polished surfaces. Consequently, in each image, the upper 3 4 crystals are slightly larger than the lower 3 4 crystals in size. It is also noticed that the new algorithm generated a slight "barrel" distortion for the standard PSAPD [ Fig. 4(c) ], which is fabricated on a ceramic substrate.
Through a FEM simulation study on the charge distribution within a square resistive sheet, we notice that, with the Anger-like algorithm, the polynomial function shows evident pin-cushion on all edges [pink mesh, Fig. 5(a) ]. The inversion of this polynomial function [blue mesh, Fig. 5(a) ] still shows evident pin-cushion distortions. A perfect inversion would produce a perfectly square grid (green square). The inverted polynomial fitting clearly has mismatch at the singularities along the edges and at the corners. With our new algorithm, however, the inversion of the polynomial correction function has shown much better uniformity at the edges on the 201 201 mesh grid, as shown in the blue layer in Fig. 5(b) . We noticed that the polynomial fitting for our new algorithm covers a significantly larger area than that of the Anger-like algorithm. This illustrates that the new diagonal positioning algorithm, with much less pin-cushion distortion, facilitates a more linear mapping to the true event position on the planar resistive sheet than the Anger-type version. Fig. 6 shows the crystal boundaries drawn on the flood histogram during the crystal segmentation process for events positioned with the Anger-like and new algorithms. Fig. 7 shows the individual crystal counts, photopeak pulse heights, and energy resolution values generated from the crystal segmentation process using the Anger-type and new positioning algorithms.
IV. DISCUSSION
The pin-cushion distortion is a serious problem when crystal segmentation is required to measure and calibrate energy resolution and crystal location for tiny individual crystals from a flood positioning histogram. In a calibration step for a PET system, individual crystals are mapped with a look-up table to determine parameters such as energy and coincidence time windows and efficiencies for individual crystals. With an Anger-like algorithm, an automatic algorithm for crystal segmentation from the flood image is not possible for crystals near the corner of the PSAPD because of the severe pin-cushion distortion. The new positioning algorithm presented in this work allows one to use a relatively simple segmentation algorithm from the raw (unprocessed) flood data set. This substantially simplifies the creation of positioning look-up calibration tables that have to be generated for every LSO-PSAPD positioning detector present in the proposed PET system.
As shown in Fig. 6(a) , we noticed that the crystal segmentation process bisected corner crystals and the calculated crystal boundaries were not correct. Thus, a semi-empirical method must be used for segmentation of these crystals. Polynomial fitting can be used to correct the pin-cushion distortion but cannot perfectly recover linearity [9] . Shah et al. studied the flood histogram with a standard PSAPD and they used a previously generated response map to correct this pin-cushion distortion [4] . However, with the new diagonal algorithm, the raw image is already adequate for automatic crystal segmentation and no precorrections to the image are needed, as shown in Fig. 6(b) . This simplifies the segmentation of the flood image and therefore helps on the determination of crystal position, energy window and time window settings, and also efficiency look-up tables for individual crystals. Fig. 7 shows energy resolution and efficiency results generated from segmentation of individual crystals with both algorithms for the thin PSAPD. We observed that the new algorithm gave a more uniform result for photon counts [ Fig. 7(d) ] in individual crystals compared to that observed with the Anger-like algorithm [ Fig. 7(a) ]. As for photopeak position and energy resolution, both algorithms gave comparable results [ Fig. 7(b)-(c) and (e)-(f)]. More detailed study of the energy, coincidence time and spatial resolution of the PSAPD has been accomplished and will be reported separately [8] , and therefore, is not discussed in details in this paper.
The physical reason that our new algorithm generates much less pin-cushion distortion has been studied [9] . It is believed that this is mainly due to the more linear charge sharing along the diagonal directions of the resistive sheet compared to that along the directions parallel to the resistive sheet edges. The positioning dynamic range in raw flood histogram image is significantly improved using the new algorithm. The measured data and FEM simulation study clearly illustrate the advantage of the new algorithm over the traditional Anger-type positioning algorithm.
V. CONCLUSION
A new scintillation event positioning algorithm for PSAPDs has been described. This algorithm uses diagonally opposing readout channels to determine the centroid of a scintillation flash. Measurements with the new thin PSAPD we have developed for high resolution PET have clearly demonstrated that, with this new event positioning algorithm, raw flood histogram images are almost distortion free as compared to the images generated by the traditional Anger-type algorithm. Using the new positioning algorithm, no linearity corrections were needed and successful and accurate crystal segmentation could be applied to raw flood histogram data. This helps to simplify the determination of individual crystal position, energy and efficiency performance and also the associated efficiency look-up tables.
